The dry sliding friction coefficient and the wear volume loss W, in a zirconium-based bulk metallic glass (BMG) under high-frequency (50 Hz) reciprocating conditions, were investigated with the objective of assessing the influence of free volume and crystallization on the wear behavior of amorphous metals. The BMG samples were annealed either below the glass transition temperature T g to induce structural relaxation and hence reduce the free volume that controls plasticity through shear-band formation or above T g to crystallize the amorphous BMG prior to wear testing. Results show that the wear behavior of both the as-cast and relaxed glasses was dominated by the oxidation of the surface layers. A sharp transition in the contact electrical resistance complemented by a marked increase in was noted. This was attributed to the formation of a thick tribo film with high oxygen concentration and its subsequent delamination. The values, before as well as after the transition, in the relaxed glasses were similar to those for the as-cast alloy. However, a gradual decrease in W with annealing temperature was observed. A good correlation between W and nanohardness was noted, implying that the intrinsic hardness in the BMGs controlled the wear rate.
I. INTRODUCTION
Amorphous metals or metallic glasses were first synthesized by rapidly quenching Au 75 Si 25 alloy melts in 1960. 1 As a result of the extreme cooling rates (∼10 6 K/s) required to achieve a high degree of undercooling in the melt, metallic glasses could only be produced in thin ribbons (∼100 m) or in powder form. Hence, despite their unique combinations of mechanical properties such as high elastic limits, nearly theoretical strength combined with good toughness, the widespread application of amorphous alloys has been significantly restricted. The development of bulk metallic glasses (BMGs) based on multicomponent alloy systems that remain amorphous even when the cooling rates are low (∼1 K/s) rejuvenated interest in these alloys for practical applications. [2] [3] [4] Due to a lack of long-range order, these alloys exhibit quite distinct deformation mechanisms and the absence of dislocation-mediated slip, which is the major plastic deformation mechanism in conventional crystalline alloys.
Two distinct deformation modes have been reported in amorphous alloys. 5 At higher temperatures and low stresses, the plastic deformation occurs through homogeneous (viscous) flow. At lower temperatures and higher stresses, the deformation is quite inhomogeneous, being concentrated in shear bands that form in orientations close to the maximum resolved shear stress plane. Because of these fundamental differences, the wear/friction properties of amorphous alloys are also distinct from those of crystalline metals.
Metallic glasses are generally expected to exhibit outstanding wear resistance due to their high hardness. However, a review of the literature shows conflicting trends regarding the role of amorphous structure on the wear performance. It has been reported that the Fe-based metallic glasses exhibit higher wear resistance than their respective crystallized states. 6, 7 On the contrary, there are reports indicating that the wear performance of zirconium (Zr)-based BMGs are significantly inferior to that of the crystallized alloy 8 and traditional crystalline alloys. 9 Fu et al. 10 have examined the unlubricated sliding characteristics of Zr-based BMGs and have observed that extensive material flow took place under sliding conditions, indicating that plasticity at the contact plays an important role in the wear/friction characteristics of the BMGs.
It is well known that plasticity in amorphous metals is controlled by the free volume. For example, it has been shown that free-volume reduction [through structural relaxation anneals below the glass transition temperature (T g )] leads to severe embrittlement due to the reduced propensity for shear-band formation. 11, 12 Also, the crystallization induces embrittlement in a tough, as-cast, amorphous alloy. 13, 14 Thus, both structural relaxation and crystallization may yield different deformation and flow behavior. However, a systematic study that explores the relationship between the plasticity and its wear characteristics has not yet been reported in the literature. Such understanding will facilitate the design of BMGs from a wear resistance point-of-view. Therefore, the objective of the present study was to conduct a detailed study on the friction and wear characteristics of a Zrbased BMG in which the propensity for shear banding was controlled systematically by annealing. Nanoindentation was used to characterize the changes in intrinsic plasticity in the BMG due to annealing and was correlated with wear rates.
II. MATERIAL AND EXPERIMENTS

A. Heat treatment and characterization
A 14-mm-diameter rod of the Zr-based BMG, with a commercial designation LM-1 was obtained from Liquidmetal Technologies Ltd. (Lake Forest, CA). The nominal chemical composition of the alloy (in at.%) was Zr 42 Ti 15.5 Cu 14.5 Ni 3.5 Be 24.5 . Discs of ∼1.5 mm thickness were electrodischarge-machined from the rod. The primary objective of this work is to examine how structural relaxation changes the wear characteristics of the amorphous alloys. For this purpose, the BMG discs were annealed for 1 h in a flowing argon environment at 400, 469, 531, and 687 K, which correspond to 0.62, 0.73, 0.83, and 1.07 times the T g (643 K), respectively. The last temperature, being above the T g , induces crystallization of the BMG, whereas the first three temperatures of annealing induce structural relaxation. The as-cast and annealed samples, polished to a 0.5-m finish, were characterized by optical microscopy, x-ray diffraction (XRD) and differential scanning calorimetry (DSC).
The variation in mechanical properties, specifically elastic modulus and hardness, of the BMG with the heat treatment temperature were assessed by nanoindentation experiments using a Hysitron Tribometer (Hysitron Inc, Minneapolis, MN) with a Berkovich tip. All of the tests were conducted with a maximum load of 9 mN, with a prescribed loading rate of 0.36 mN/s with a 10-s hold time at the peak load. The loads, P, versus the depth-ofpenetration, h, curves were analyzed by employing the Oliver-Pharr method, 15 to extract the elastic modulus and the hardness. Microhardness measurements were performed using a Vickers diamond indenter and a 500-g load with a dwell time of 15 s.
B. Wear testing
A high-frequency reciprocating rig (HFRR) instrument (PCS Instruments, London, UK) with "ball-onplate/disc" geometry was used for measuring the friction coefficient and wear volume loss (W). The 6-mmdiameter WC ball (Salem Specialty Balls, Salem, MA) and the 1.5-mm-thick BMG specimens were fixed tightly in specimen holders that have appropriate recesses machined into them. The upper specimen holder has a loading pin to which a dead weight load was applied. An electromagnetic vibrator drives the upper specimen holder back and forth via a pushrod. A linear variable differential transducer (LVDT) attachment to this allows for monitoring of the motion of the pushrod, and adjusts the frequency and amplitude of the vibrator. A piezoelectric force transducer connected to the lower block measures the friction force generated between the ball and the specimen as they slide relative to each other. Prior to the wear tests, all of the samples were cleaned with toluene, acetone, and hexane successively to have a clean surface. The initial arithmetic average roughness of the samples, after these treatments and estimated using the profilometer, was ∼0.8 m, whereas it is approximately ഛ2 m after wear testing. Note that the latter would be significantly affected by the presence of wear debris and oxide flakes that form during the wear process.
Unless otherwise mentioned, all of the wear tests were conducted with an applied load of 100g for 2 h at a frequency of 50 Hz. The sliding distance for each pass was kept constant at 2 mm. A resistance heater attached to the lower specimen holder allowed for control of the temperature through a thermocouple that was located close to the specimen. All of the tests reported in this article were conducted at 303 K.
The HFRR instrument is capable of measuring the friction coefficient, temperature, and the electrical contact resistance ⍀ between the specimen and the ball. The electronics unit applies a bias voltage through the ball, measures ⍀, and scales it between 0% and 100%. When the ⍀ was zero, metal-to-metal contact exists. When there was no electrical contact between the specimen and the ball, ⍀ ‫ס‬ 100%. Thus, ⍀ gives a qualitative indication of the presence or absence of an oxide film.
W was measured by scanning the wear scars using a laser profilometer with a depth resolution of 1 m and a spatial resolution of 30 m. For each case, at least five repeat experiments were conducted, and the average values are reported herein. Scanning electron microscopy (SEM) of the wear scars was conducted to understand the wear mechanisms. Energy-dispersive spectroscopy was performed, where necessary, to identify the nature of the scales formed on the surface.
III. RESULTS
A. Structural relaxation
Inspection of the polished cross section of the as-cast alloy revealed that the BMG was not fully amorphous, but contained crystalline regions with needle-shaped and dendritic particles in the amorphous matrix. The volume fraction of these crystalline particles was very small (<2%); therefore, their influence on the wear response of the as-cast BMGs can be considered to be negligible. The DSC and XRD scans of the as-cast and annealed alloys are shown in Figs. 1(a) and 1(b), respectively, and the data collected from the DSC scans are summarized in Table I . The XRD scan of the as-cast alloy [ Fig. 1(b) ] showed a broad and diffuse peak within the angular range of 30-45°followed by another weaker broad peak within the angular range of 60-70°. The DSC scan of the as-cast alloy [ Fig. 1(b) ] revealed that the T g and the onset of crystallization T x for this alloy were 643 and 708 K, respectively. Here, the inflection point is taken as the T g . A supercooled liquid regime of ∼60 K separates the glass transition and crystallization, which occurs in two stages.
The absence of both a glass transition and a crystallization peak in the DSC scan of the alloy that was annealed above the T g indicated that it was predominantly crystalline. {The DSC scan of the alloy annealed at 687 K [ Fig. 1(b) ] does not show any further crystallization peak.} This was also confirmed by the presence of diffraction peaks in the corresponding XRD scan. The XRD spectrum exhibited major peaks from Ni 42 Zr 58 and Cu 10 Zr 7 . The other expected phases are Cu 51 Zr 14 , Cu 8 Zr 3 , Ni 7 Zr 2 , and Ni 2 Zr 3 . These phases may be metastable in nature given that the annealing temperature is just above the T g . This is because the driving force for nucleation is higher for metastable phases. Also, since at these temperatures the driving force for nucleation is high and the diffusivity is low, one can expect nanocrystallization, which is evidenced by the broad diffraction peaks of the spectrum of the alloy annealed at 687 K. For the alloys that were annealed below the T g , the DSC and the XRD scans were essentially identical. Data listed in Table I show that the T g , the peak crystallization temperature T x , and the exothermic enthalpy change at the crystallization ⌬H x do not change significantly with the heat treatment, indicating that heat treatment would not cause any significant crystallization. However, the enthalpy change at the onset of the glass transition ⌬H g gets reduced systematically with the increasing temperature of annealing.
B. Indentation response
Typical load versus depth of penetration (P-h) curves obtained from the nanoindentation tests on as-cast and annealed samples are shown in Fig. 2 . Only three curves corresponding to three different temperatures are shown for clarity. The results of the indentation tests are summarized in Table II . As seen, the elastic modulus of the BMG did not change significantly with the relaxation temperature. However, a ∼15% increase in the modulus was seen when the BMG was crystallized. A gradual reduction in h at the maximum load h max with the increasing annealing temperature and a corresponding increase in the nanohardness was also noted. While the structural relaxation led to a gradual increase in hardness from 6.91 GPa in the as-cast alloy to 8.49 GPa in the alloy annealed at 531 K, a marked increase (to 10.8 GPa) occurred in the crystallized alloy.
The P-h curves obtained during the nanoindentation of amorphous alloys generally tended to be serrated, as seen from the response of the as-cast alloy shown in Fig. 2 . It has been well established that the serrations are a result of the nucleation and propagation of shear bands, the carriers of plasticity in amorphous metals. Since deformation through shear banding is inhomogeneous in nature, each shear-band activity is associated with a discrete displacement burst, which resulted in a serration in the loading part of the P-h curve. 16 With increasing annealing temperature, we noted that the P-h curves got smoother, with the fully crystallized alloy showing no serrations at all, which is highlighted through the inset in Fig. 2 . Schuh et al. 17 have argued that P-h curves of amorphous alloys are smoother at higher loading rates because of a transition in flow behavior from a heterogeneous (discrete shear-band activity) to homogenous (profuse shear-band activity) mode. However, Greer et al. 18 have suggested that the smoothening of the P-h curves was an instrumental artifact rather than a transition in flow behavior. Figure 3 shows a typical plot of the ⍀ and the friction coefficient as a function of time of the reciprocation of the WC ball on the as-cast BMG disc. Note that ⍀ reflects the electrical resistance of the contact, therefore zero or low ⍀ means metal-to-metal contact, whereas a high ⍀ value can be inferred to be due to the formation of a thick, nonconducting tribolayer. The details of this transition are discussed in Sec. III. D. As seen from Fig.  3 , the value initially was low (∼0.62), but after about 10 min, a sharp transition was seen, with increasing to about 1. Further, the noise in the variation with time increased markedly. A concomitant transition in ⍀, from a near-zero value to 100% was also noted. This behavior was observed in all of the different annealing conditions tested. Average values of before and after the transition as well as the average transition times t T are listed in Table II . Here, t T is defined as the time at which the ⍀ crosses 50% for the first time.
C. Friction and wear properties
The data presented in Table II show that the friction coefficient after the transition a was, within the experimental scatter, independent of the heat treatment with a value of ∼0.95. This was also true for the friction coefficient before the transition b for the structurally relaxed glasses (i.e., those annealed at temperatures below the T g ), with a value of ∼0.62. Likewise, the t T values were also similar. In the case of the crystallized BMG, a slightly higher value for b (∼0.70) was noted. However, the t T in this case was much smaller (20 s) when compared to the t T of ∼600 s measured in the as-cast and relaxed glasses. This implies that the transition in the crystallized glass was essentially instantaneous.
A typical profile, measured using a laser-scanning profilometer, of the wear scar produced after 2 h of testing is shown in Fig. 4(a) . As seen, the wear scar is symmetrical and uniform. A line across the middle of the scar [ Fig.  4(b) ] indicates a cylindrical groove. More importantly, it shows the edges to be flat, implying that there is no pileup of material (due to plastic flow of the material underneath the WC ball) around the edges. The W during the wear process is estimated by a three-dimensional integration process and is listed in Table II . Dry sliding wear in most metallic materials was observed to obey Archard's law, W ‫ס‬ K(SN/H), where S is the total sliding distance, N is the normal load, and K is the wear coefficient. The least-square fit of the above equation is used for the data plotted in Fig. 5 . While considerable scatter exists in the data (especially in the as-cast alloy), a general trend of a decrease in W with an increase of nanohardness (annealing temperature) can be seen.
D. Wear mechanisms
The worn surfaces were examined by SEM to understand the microscopic reasons for the wear of the BMG. Figure 6 (a) is a lower magnification image of the wear scar in the as-cast BMG, showing abrasive wear marks. A higher magnification image [ Fig. 6(b) ] shows that the worn surfaces were partially covered with tribofilms. Energy dispersive x-ray spectroscopy (EDAX) analyses confirmed that the scales observed indeed contained large concentrations of oxygen [ Fig. 6(d) ] with the presence of a strong oxygen peak, whereas the spectrum obtained from other areas did not show an oxygen peak [ Fig. 6(c) ]. Among the alloying elements present in the BMG, Zr, titanium (Ti), and beryllium (Be) are prone to easy oxidation. Fu et al. 10 reported similar layers containing large amounts of oxygen due to sliding wear in air, whereas they were absent when tested in a vacuum. The tribolayer produced in air may indeed be some mixed oxide; however, further studies on its chemical composition or structure (amorphous or crystalline) were not performed in this study. Hence, it is referred to simply as a tribolayer.
The tribolayers appear to crack extensively, with the periodically spaced cracks perpendicular to the reciprocating ball direction, as shown in Fig. 7(a) . These cracked films eventually peel off, due to the action of the tangential stress applied by the sliding WC ball, exposing the unoxidized BMG. Such a peeled-off region is shown in Fig. 7(b) , with EDAX values obtained from this region showing the absence of oxygen. Figure 7 (b) also indicates that some bulk material being chipped off along with the scale (i.e., the tribolayer when it peels off) does not debond cleanly along the oxide/bulk interface.
To investigate the microscopic origins of the step-like transition in ⍀ and variations with time (Fig. 4) , wear tests were interrupted after 300 s (recall that the transition time is around 600 s), and the resulting scars were examined. The low-and high-magnification images obtained from these scars are shown in Figs. 8(a) and 8(b) , respectively. Clearly, no scales could be seen, although indications of the early stages of tribolayer formation could be seen. Also, the surface morphology was much smoother, indicating that the mechanism of material removal was different in this regime. Sliding wear tests conducted in vacuum by Fu et al. 10 show that a soft layer develops during sliding, with a low friction coefficient, and that the wear rate is lower than when sliding in air. These observations, in conjunction with those made in the present study, indicate that the micromechanism of wear in the BMG is abrasive wear, with the high-oxygencontaining tribolayers acting as the abrasive medium (because of their high hardness and low toughness, the latter facilitating comminution of the films once they peel off). The SEM images obtained from the BMG samples that were annealed at temperatures below the T g were very similar, and were consistent with the ⍀, , and W data given in Table II, indicating that the wear mechanisms do not change significantly with relaxation heat treatments below the T g . Wear scars in the crystallized BMGs (i.e., the samples annealed at 687 K) showed a different wear morphology altogether. The low-and high-magnification SEM micrographs obtained from the wear scars in the crystallized alloy are shown in Fig. 9 . In contrast to those shown in Figs. 7(a) and 7(b) , respectively, which were obtained at the same magnifications but in the as-cast alloy, wear scars in the crystallized alloy are devoid of any features and appeared to be very smooth. Most importantly, no tribolayers could be seen. EDAX spectra obtained from regions marked 1, 2, and 3 in Fig. 9(b) were identical. An example is shown in Fig. 9(c) .
IV. DISCUSSION
A gradual reduction in the wear rate with increasing annealing temperature can be seen in Fig. 5 . This reduction in wear rate was due to the gradual increase in the hardness with the annealing temperature. Van den Beukel and Sietsma 19 developed a model that described the functional form of the DSC curves based on the freevolume theory. According to their model, for every supercooled liquid, there exists an equilibrium freevolume, v fe , at a given temperature. In the as-cast alloy, an excess amount of free volume, v f > v fe , is frozen-in due to the nonequilibrium processing conditions, which during continuous heating in a DSC experiment annihilates and approaches v fe . The reduction in v f gives rise to heat release ⌬H, when the glass sample is heated in a DSC. It was experimentally verified by Slipenyuk and Eckert 20 that ⌬H g ϰ ⌬v f . Since the free volume gets reduced during the structural relaxation anneals, ⌬H g gradually decreases with increasing annealing temperature (Table I) , implying a systematic reduction in the ability of the BMG to accommodate plastic deformation. The reduction in the serration step sizes with increasing annealing temperature indicates that, at the nanoscale, increasing the structural relaxation annealing temperatures leads to a reduction of free volume. This reduction of free volume diminishes the ability of the BMG to accommodate plastic deformation, which is consistent with earlier reports on annealing induced embrittlement in BMGs. 11, 12 Interestingly, the microhardness of the BMG appeared to be relatively insensitive to the relaxation anneals (with Vickers hardness number data ranging between 740 and 753), whereas a marked rise was seen in the crystallized alloy, similar to that seen in nanohardness. The origin for the differences in the nanohardness and microhardness of the alloys that were annealed below the T g is discussed as follows. The deformation underneath an indenter is intrinsically stable (i.e., the contact area always increases unless it is interrupted by cracking in the case of brittle materials being indented with sharp indenters) with an increasing depth of penetration of the indenter. The stress singularity at the tip of the Vickers indenter induces plastic deformation through shear banding, even in the annealed material, instead of cracking. 21 It is possible that the stress singularity at the indenter tip is mitigated through the homogeneous deformation of the glass, which is induced by the viscoplasticity that is generally dominant at low strain rates, followed by shear-band nucleation. The high stresses that prevail under the Vicker's indenter (estimated to be equal to 35.8%) could promote shear banding. 22 While the nanoindentation is highly sensitive to relatively small changes (reflected in the P-h curves as well as in the nanohardness), microindentation measures the response of the BMG averaged over a significantly larger volume and hence is insensitive to the underlying subtle changes in micromechanisms of deformation.
It has been proposed by previous studies 10, 23 that the wear/friction properties could be affected by plastic deformation (i.e., shear-banding propensity), since the wear process essentially involves deformation. Based on the present investigation, structural relaxation does not appear to alter the wear performance/friction coefficient significantly. One possibility that needs consideration is the role of localized frictional heating and flow softening 24 of the BMG. If the temperature rise at the surface layer due to vigorous scratching of the BMG against the hard surface is significant, it could lead to a transition from a heterogeneous to a homogeneous mode of deformation. 25 This in turn can drastically alter the wear performance. However, the average sliding speed (∼0.2 mm/s) is not high enough to give large temperature increases from friction and hence to alter deformation mechanisms.
The experimental results and observations indicate that the predominant wear mechanism in the as-cast and structurally relaxed Zr-based BMG investigated in this work was oxidation of the alloy. This is not surprising considering the high chemical affinity of Zr, Ti, and Be with oxygen to form respective oxides. The formation of high-oxygen-containing tribolayers and their subsequent debonding under the action of the reciprocating WC ball constitutes the main mechanism of wear in the as-cast and structurally relaxed alloys. Then, the t T is considered to be the time required for sufficiently thick tribolayers to form. The residual stress in the tribofilm (that arises due to the differences in the molar volumes of the oxide layer and that of the substrate that is oxidized) increases with the increasing tribolayer thickness. This, coupled with the applied frictional force, appears to determine the process of delamination.
An interesting observation in the present study is that the crystallized alloy exhibited minimal scale formation, while the as-cast and structurally relaxed alloys showed extensive scale formation. The oxidation behaviors of Zr-based amorphous alloys have been reported by several researchers. [26] [27] [28] [29] It has been reported by Wu et al. 27 that the oxidation rate of Zr-Al-Cu metallic glass specimens was higher than that of annealed samples above the T g and that the oxidation resistance of the specimen depended on the amount of crystalline precipitates. It has been suggested that the formation of crystalline Zr 2 Cu and Zr 2 Al was responsible for improving the oxidation resistance due to their higher oxidation resistance and promotion of the development of Al 2 O 3 and oxides of copper. These results indicate that the crystalline phase of Zr 2 Cu is much more resistant to oxidation than the amorphous state. Paljevia et al. 28 reported that the oxidation reaction onset temperature of ZrAl 2 is ∼700 K.
Following annealing above the T g , the oxidation resistance remarkably improved with crystallization so that film formation was rarely observed, possibly due to its insignificant amount. As the result of their superior oxidation resistance, the crystallized alloys were worn without the intervention of the oxidation under testing conditions in the present study. However, there are contradicting reports on the effect of crystallization on oxidation. Kai et al. 29 reported that the oxidation rate of ZrCu-Al-Ni BMG is lower than that of the crystalline alloy composed of Zr 2 Cu, Zr 2 Ni, and ZrAlCu 2 at temperatures above 698 K. It is noteworthy that the oxidation resistance of Zr-based amorphous alloys strongly depends on the chemistry as well as the degree of crystallinity. Therefore, the effect of crystallization/chemistry on the oxidation behavior of the Zr-based BMG should be considered when these alloys are designed for use under wear/friction circumstances where optimized stability against oxidization is required. Although it is possible for the surface layers of the crystalline BMG to reamorphize during sliding wear (which in turn oxidize in a manner similar to that of amorphous alloys), it does not appear to be the case in the present context. The combination of relatively low sliding velocities and loads may be the reason for this.
V. SUMMARY
An experimental investigation into the high-frequency, dry-sliding wear behavior of a Zr-based BMG was conducted. The BMG was systematically annealed at different temperatures (both below and above the T g ), and the role of structural relaxation on the wear resistance of the BMG was investigated. On the basis of the experimental results the following conclusions can be drawn.
(1) The wear behavior of both the as-cast and relaxed glasses was dominated by the oxidation of the surface layers. Formation of the oxide layers and their subsequent peel-off constituted the main mechanism of wear for the experimental conditions of this study. A sharp transition in the oxide film thickness complemented by a sharp increase in after ∼600 s were observed.
(2) With increasing annealing temperature (below the T g ), the nanohardness of the BMG increased. This hardness increase was proposed to be due to the reduced propensity for shear-band formation, caused by the annihilation of the free volume present in the BMG. A reasonable correlation between W and nanohardness was identified.
(3) The crystallized alloy has considerably higher wear resistance and also higher hardness. In contrast to the as-cast and structurally relaxed alloys, the wear mechanism was predominantly abrasive wear in the crystallized alloy. The formation of oxide scales was insignificant, indicating superior oxidation resistance in crystallized alloy to the as-cast and structurally relaxed glasses.
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